The present study investigated the role of mitogen-activated protein kinase (MAPK) signaling in osteoblastic differentiation of stromal ST-2 cells induced by synthetic octacalcium phosphate (OCP) incubation. Since our previous studies revealed that OCP consumes calcium ions in media during conversion to hydroxyapatite, the effect of the ions on ST-2 cell differentiation with or without OCP crystals was analyzed. The effect of presence or absence of MAPK inhibitors was also analyzed. OCP increased alkaline phosphatase (ALP) activity and the mRNA expression of differentiation markers via the p38 signaling pathway. The PD98059 MAPK inhibitor increased ALP activity and differentiation marker genes in cells cultured in OCP-coated wells. Reduction of calcium ions in the medium by EGTA increased the ALP activity without OCP in the presence of phosphate ion concentrations up to 7.5 mM. OCP may enhance osteoblastic differentiation through the p38 signaling pathway via the reduction of calcium ions induced by its physicochemical property.
INTRODUCTION
Octacalcium phosphate (Ca8H2(PO4)6•5H2O; OCP) is considered a precursor of biological apatite crystals of bone and tooth in vertebrates due to its structural similarity with hydroxyapatite (Ca 10(PO4)6(OH)2; HA) 1, 2) . Recently, synthetic OCP has been used as a bone substitute in tissue engineering for bone regeneration [3] [4] [5] [6] [7] . Much attention has been paid to the usability of synthetic OCP and its predicted role in nucleation of bone induction in orthotopic sites, which can be replaced with a significantly higher volume of newly formed bone than the other calcium phosphate phases, such as amorphous carbonated apatite or HA 8) . The osteoconductivity of OCP was first found in the granule form on implantation in the subperiosteal region of murine calvaria 9, 10) . The biological responses to OCP have also been investigated from its coating on metallic implants 11, 12) , in osteoblastic cell proliferation, or from implantation into subcutaneous tissue or bone defects 8, 12) . Recent studies suggested that osteoblastic cell differentiation is enhanced upon contact with OCP, which tends to convert into HA 13) , and differentiation is significantly facilitated in an OCP dose-dependent manner 14) . The chemical route from OCP to HA involves an uptake of calcium ions (Ca 2+ ) and release of inorganic phosphate (Pi) ions 15) . OCP consumes Ca 2+ and releases Pi ions during the OCP-HA conversion in a Tris buffer containing small amount of fluoride ions at pH 7.4 and 37ºC 16) . The driving force of this change stems from the decrease of the degree of supersaturation in the solution to form HA, which is the most thermodynamically stable salt at physiological conditions 15) . Previous reports have shown that bioactive glass ceramic releases Ca 2+ and promotes the differentiation of osteoblastic cells in vitro 17) . Pi are also known to play multiple roles in maintaining osteoblast-like cells 18) . Ca 2+ and Pi ions around the OCP surface that are diffused during OCP-HA conversion could be the factors mediating OCP's function in stimulating bone formation through regulation of osteoblast activity 6) . A previous report showed that the culture medium, after incubation with OCP, affects alkaline phosphatase (ALP) activity 19) . However, the effect of these ions from OCP on osteoblastic differentiation has not been fully clarified at the molecular level, and in particular at the intracellular signal transduction level.
In cells, stimulatory cues are translated into biochemical signals, such as phosphorylation, translocation of transcription factors and induction of gene expression 20, 21) . These cues include such signaling factors as mechanical stimulus and Ca 2+ 20,21) . The mitogen-activated protein kinase (MAPK)/extracellular related kinase (ERK) signaling pathway is involved in activating the early stage of the differentiation of bone marrow-derived mesenchymal stem cells into osteoblasts 22, 23) . Signal transduction of p38 is another important pathway in osteoblast differentiation and stimulated by the bone morphogenetic protein (BMP) family [24] [25] [26] [27] . Calcium phosphate ceramics, such as calciumdeficient HA and β-tricalcium phosphate (β-TCP), have been shown to induce osteoblast differentiation in human bone marrow stromal cells 27) . Furthermore, three-dimensional HA and β-TCP constructs induce p38 phosphorylation in human embryonic palatal mesenchyme cells 28) . Whether the observed effect of OCP on osteoblastic differentiation is associated with Osteoblastic differentiation of stromal ST-2 cells from octacalcium phosphate exposure via p38 signaling pathway these signal transduction pathways and whether the ionic dissolution products from OCP are involved in the stimulatory signaling has not been examined.
In the present study, we investigated MAPK signaling during the differentiation of bone marrowderived stromal ST-2 cells upon exposure to a simulated ionic environment induced by OCP compared with direct exposure to OCP. The structure of OCP is composed of apatite layers stacked alternately with hydrated layers 2) . Nevertheless, OCP enhances osteoblastic differentiation and bone formation more than calcium-deficient HA, which is obtained via OCP hydrolysis and therefore considered a proper control material 13) . Studies of OCP-induced signal transduction pathways may explain why OCP enhances osteoblastic differentiation in relation to the soluble nature of OCP, which is derived from the intrinsic crystal structure.
MATERIALS AND METHODS

Preparation of OCP-coated plates
OCP was synthesized as preciously described 9) . OCP was ground using a mortar and sieved with a 53 μm diameter mesh (Testing Sieve 53 μm WIRE DIA, TOKYO SCREEN Co., Ltd., Tokyo, Japan). The OCP granules were then suspended in water (10 mg/mL) and placed into each well (3 mg/well) of a 48-well cell culture plate (Corning Inc., NY, USA). The plates were heated under dried conditions at 60ºC for 12 h. The heating allowed the suspension to dry for sufficient adherence to the plate during incubation. The plates were then sterilized by irradiation using a UV irradiator (FUNA-UV-LINKER FS1500, Funakoshi Co. Ltd., Tokyo, Japan).
Cells
Mouse bone marrow stromal ST-2 cells were obtained from RIKEN Cell Bank (Tsukuba Scientific City, Ibaraki, Japan) 29) . Cells were cultured with αMEM medium containing 10% fetal bovine serum (FBS; SigmaAldrich, St. Louis, MO) and 1% penicillin/streptomycin (Invitrogen-Gibco, Carlsbad, CA, USA) at 37ºC in 5% CO 2. Measurement of ALP activity ALP activity was measured using the Laboassay TM ALP (Wako Pure Chemicals) kit. Briefly, on days 7, 14, and 21, ST-2 cells were washed with 400 μL PBS and treated with 250 μL of 0.2% Triton-X 100 solution. Cells were then lysed with a probe-type ultrasonicator (Handy Sonic model UR-20P; Tomy Seiko Co. Ltd., Tokyo, Japan) on ice for 15 s. Cell lysates were centrifuged 8,000 g at 4ºC for 5 min, and 20 μL of supernatants were used for the reaction with 100 μL of p-nitrophenol substrate solution. The solution was incubated with cell lysate for 30 min at 37ºC and converted p-nitrophenylate was measured at absorbance 405 nm using a microplate reader (Multiskan JX; Thermo Electron Corporation, Waltham, MA, USA).
Measurement of
Treatment of cells with MAPK inhibitors in OCP-coated plates
ST-2 cells were seeded in OCP-coated or control plastic plates at a density of 3.0×10 4 cells per well in αMEM medium containing 10% FBS (250 μL) with various concentrations of MAPK inhibitors. Cells were treated with PD98059 (25 μM), SB203580 (5 to 20 μM) or dimethyl sulfoxide (DMSO) as a control. The culture medium was replaced with fresh medium every 2-3 days. ST-2 cells were cultured for 1-3 weeks and then assayed using the cell counting kit-8 and Laboassay TM ALP assay kit as described above. Total RNA was extracted at day 21 and osteoblast differentiation marker expressions were compared as described below. For the screening study, cells were treated with PD98059 (25 μM) in combination with SB203580 (10 μM) or Wortmannin (20 nM) on the OCP-coated plates. After 14days of culture, ALP activity was measured.
TaqMan quantitative real-time polymerase chain reaction ST-2 cells were cultured in OCP-coated plates for 21 days as described above. Total RNA was extracted using the RNeasy plus mini kit (QIAGEN, Valencia, CA, USA). Buffer RLT plus solution (350 μL) was applied with two wells of 48-well plates. The cell lysate was applied to the DNA column, and then processed by the RNA extraction step with the RNA binding column after centrifugation. Total RNA (1 μg) was used for cDNA synthesis using the Thermo Script TM RT-PCR system (Invitrogen). The primers and universal probe used in this study were previously reported 14) , except for osteocalcin (OCN) primers, which are as follows:
OCN forward primer: AGA CTC CGG CGC TAC CTT OCN reverse primer: CTC GTC ACA AGC AGG GTT AAG The mouse Universal Probe Library probe#32 (Roche Diagnostics, Basel, Switzerland) was used.
Western blot analysis
ST-2 cells treated as indicated were harvested at 0, 6, 24, 48, and 72 h and lysed in cell lysis solution containing protease inhibitors, followed by sonication twice on ice with a 5 s interval (Handy Sonic UR-20P; Tomy Seiko Co. Ltd., Tokyo, Japan). The cell lysate was centrifuged and the supernatant was separated by SDS-PAGE in 10% acrylamide gels (Super Sep Ace 10%; Wako Chemical) under reducing conditions. Proteins were transferred to a nitrocellulose membrane using the TRANS-BLOT SD Semi-Dry Transfer Cell (BIO-RAD, Hercules, CA, USA) at 25 V for 50 min. Membranes were blocked with 5% ECL Prime Blocking Reagent (GE Healthcare Life Sciences, Tokyo, Japan) in TBS-T and exposed to rabbit polyclonal anti-phospho-p38 antibody (Thr 180 /Tyr 182 ) and anti-p38 antibody (CST, Japan) at a 1:1,000 dilution. Membranes were then incubated with anti-rabbit IgG conjugated to horseradish peroxidase at 1:10,000 dilution (GE Healthcare Life Sciences) and developed with a chemiluminescence detection reagent (ECL Prime Western Blotting Detection Reagents; GE Healthcare Life Sciences). The images were generated with ChemiDoc MP ImageLab System (BIO-RAD) and relative protein expression level was analyzed using the enclosed software.
Statistical analysis
Results were expressed as the mean standard deviation (SD). All experiments were performed at least three times and showed reliable reproducibility. Statistical differences among specimens were evaluated by student t-test (Fig. 2) and Turky-Kramer multiple comparison analysis (Figs. 3-7) . A value of P<0.05 was regarded as significant.
RESULTS
Changes of Ca 2+ and Pi ion concentrations in ST-2 cell culture medium from OCP-coated or control plates
We previously reported that OCP causes changes of Ca 2+ and Pi ion concentrations in acellular culture medium 14) . In the present study, we evaluated the changes of these ion concentrations in cell culture medium caused by OCP-apatite conversion. Figure 1 shows the results of chemical analyses of cell culture supernatants from the OCP-coated and plastic control plates. Overall, the Ca 2+ concentration in the supernatant from the OCP-coated culture plates decreased compared to the control (Fig. 1a) . The Ca 2+ concentration from the OCP-coated culture plates was 0.20±0.04 mM after one day, 0.14±0.05 mM after two days, and 0.29±0.06 mM after three days. In contrast, Pi concentration of cell culture supernatant from the OCPcoated plates increased compared to the control (Fig.  1b) . The highest Pi concentration of the supernatant from the OCP-coated plates was 4.69±0.18 mM (378.2% of control) after two days of culture. Fig. 1 . ST-2 cell proliferation after seven days of culture is shown in Fig. 2a . There was no significant difference in the proliferation between control cells and cells co-treated with EGTA and Pi ranging from 1.2 to 4.7 mM. However, proliferation was suppressed upon co-treatment with EGTA and 7.5 mM Pi.
Effect of changes in calcium and
Overall, addition of EGTA and various concentrations of Pi to ST-2 cells for 7 days of culture enhanced ALP activity (Fig. 2b) . Co-treatment of ST-2 cells with EGTA and Pi resulted in a 2.69 (1.2 mM Pi), 2.8 (2.5 mM Pi), 14.1 (4.7 mM Pi), and 14.2 (7.5 mM Pi) fold increase in ALP activity compared to controls. However, the ALP activity of ST-2 cells tended to decrease with increasing concentrations of Pi with both conditions.
ALP activity in cells cultured in OCP-coated plates with the MAPK inhibitor PD98059
Experiments were performed using the MAPK inhibitor PD98059 to determine the functional role of ERK phosphorylation in OCP-induced osteoblastic differentiation. The effect of PD98059 on ALP activity of ST-2 cells cultured in OCP-coated or plastic plates was evaluated at 21 days of culture (Fig. 3) . After 21 days, ALP activity increased markedly, and was 3.7-fold higher than the control. Treatment of cells with PD98059 in OCP-coated plates showed a more enhanced effect on ALP activity. Compared to controls, ALP activity was 3.5 and 4.2-fold higher in OCP-coated plates and in PD98059-treated cells on plastic plates, respectively.
Quantitative analysis of osteoblast differentiation markers
We further examined the effect of OCP and PD98059 on osteoblastic differentiation by performing TaqMan quantitative real-time RT-PCR for osterix and osteocalcin (OCN) after 21 days of culture. Osterix is an osteoblast differentiation marker in early phase 30) . The expression of osterix mRNA in cells in OCP-coated plates was two times higher than the control (without OCP coating and PD98059) (Fig. 4a) . Treatment of ST-2 cells in plastic plates with PD98059 resulted in a 5.5-fold increase in osterix mRNA compared with vehicletreated cells (P<0.01). Osterix expression in PD98059-treated cells in OCP-coated wells was 4.7 times higher than vehicle-treated cells in OCP-coated wells (P<0.01). Furthermore, in comparing the results from addition of PD98059, the expression level of osterix in cells from OCP-coated plates was 1.4-fold higher than those on plastic plates (P<0.01). OCN is a differentiation marker in the latter phase of osteoblast differentiation 31) . Figure  4b shows the relative expression of OCN mRNA in ST-2 cells after 21 days. The expression of OCN mRNA in cells in OCP-coated plates was 1.4-fold higher than controls (without OCP coating and PD98059) (P<0.01). On plastic plates, treatment of ST-2 cells with PD98059 resulted in a 2.3-fold increase in OCN mRNA compared with vehicle-treated cells (P<0.01). OCN expression in PD98059-treated cells on OCP-coated plates was 4.2-fold higher than vehicle-treated cells on OCP-coated plates (P<0.01). Furthermore, in comparing results from addition of PD98059, the expression level of OCN in cells on OCP-coated plates was 1.8-fold higher than cells on plastic plates (P<0.01).
Effect of co-treatment with PD98059 and SB203580 or Wortmannin on cell proliferation and ALP activity of ST-2 cells
ST-2 cells were co-treated with PD98059 and p38 MAPK inhibitor SB203580 or PI3K inhibitor Wortmannin in OCP-coated plates for 14 days and cell numbers were evaluated (Fig. 5a ). On the control plastic plates, ST-2 cell proliferation was suppressed by PD98059 treatment. On OCP-coated plates, co-treatment of SB203580 and PD98059 tended to decrease cell numbers compared to PD98059 treatment, but the difference was not significant (P>0.05). Co-treatment with Wortmannin and PD98059 did not affect cell proliferation.
Treatment of cells with PD98059 in OCP-coated plates showed enhanced ALP activity (Fig. 5b) , similar to the results observed in Fig. 3b . In cells cultured in OCP-coated plates, co-treatment with Wortmannin and PD98059 did not affect ALP activity. However, ALP activity was dramatically inhibited by co-treatment with SB203580 and PD98059 (96.2% inhibition versus PD98059 alone).
Effect of SB203580 on cell proliferation and osteoblastic differentiation in OCP-coated plates
Culture of ST-2 cells on OCP-coated plates resulted in a significant decrease in cell proliferation in the initial stage of the culture (Fig. 6a) . Treatment with SB203580 did not affect cell proliferation on the control plastic plates. However, cell proliferation was suppressed by SB203580 treatment in OCP-coated plates after 14 days of culture. The ALP activity of ST-2 cells was enhanced by SB203580 in a time-dependent manner (Fig. 6b) . After cells were cultured on OCP-coated plates for 21 days, ALP activity increased markedly compared to the controls. SB203580 inhibited the OCP-induced ALP activity (67.5% inhibition compared to controls) after 21 days. Furthermore, addition of SB203580 inhibited the OCP-induced ALP activity regardless of the concentration of SB203580 tested (Fig. 6c) .
We further examined the effect of SB203580 on OCP-induced osteoblastic differentiation after 21 days (Fig. 7) . The expression of osteopontin (OPN) mRNA in cells cultured on OCP-coated plates was significantly higher than controls (Fig. 7a) . Expression of OPN mRNA was significantly suppressed by 5 μM SB203580 (35.5% suppression versus no SB203580 in OCP-coated plates). Treatment with 2.5, 10.0, or 20.0 μM SB203580 did not suppress the expression of OPN mRNA. Similar to the OPN expression results, expression of OCN mRNA in cells cultured in OCP-coated plates was significantly higher (by 2.7-fold) compared to controls (Fig. 7b) . In cells cultured on OCP-coated plates, the expression level of OCN was suppressed with increasing concentration of SB203580, with significant differences compared to controls. The suppression efficiency for treatment with 5.0, 10.0, and 20.0 μM of SB203580 was 24.1, 29.6, and 79.8%, respectively.
Western blot analysis of OCP-induced activation of MAPK
The effect of OCP on the activation of p38 MAPK in ST-2 cells was examined by Western blot analysis (Fig. 8) . p38 protein and phosphor-p38 protein expression were normalized with GAPDH protein expression and the ratio was shown. No significant difference in p38 expression in cells cultured on OCP-coated plates and controls was detected. Under both conditions, phospho-p38 decreased overtime. Notably, phospho-p38 increased significantly in cells cultured in OCP-coated cells after 72 h compared to controls.
DISCUSSION
The present study provided evidence that the differentiation of ST-2 cells to osteoblastic cells is induced through the p38 MAPK signal transduction pathway. Notably, differentiation was enhanced if the calcium ion concentration in the medium was reduced to levels caused by OCP. OCP crystals decreased calcium ion concentrations and increased Pi ion concentrations in the medium in the presence of ST-2 cells. The ionic environmental changes corresponded to those observed in physiological media, such as Tris buffer and culture media, if OCP crystals were soaked and converted to HA 16, 19) . The results indicate that the physicochemical changes induced by OCP may be a factor controlling osteoblastic differentiation, as previously proposed 13, 14, 19) . The present study also demonstrated that treatment of ST-2 cells with the canonical MAPK signal inhibitor (ERK1/2 inhibitor) enhanced ALP activity and the mRNA expression of osteoblastic markers with OCP, indicating that an ERK1/2-independent signaling pathway plays an important role in ST-2 osteoblast differentiation. PD98059 treatment of ST-2 cells caused higher expression of osteoblast differentiation markers in both OCP-coated wells or the calcium-reduced medium.
The biological activity of calcium phosphate ceramic materials is thought to be influenced by various physicochemical factors, such as chemical composition, crystal size, surface nanostructure and more [32] [33] [34] . The effect of calcium and Pi extracellular ion concentration has also been reported to affect osteoblast differentiation 35, 36) . Studies using OCP also suggested that the osteoconductivity is induced by multiple factors: (i) the elevated extracellular calcium and Pi in the medium accompanied by OCP-HA conversion 16) ; (ii) the morphology of the crystals 37) , and (iii) the subtle change in the Ca/P molar ratio (the non-stoichiometry of the chemical composition) 38) . OCP is more soluble than β-TCP and HA 15) . OCP is converted to HA through a solid-solution transformation without complete dissolution in the crystals, and once initiated, the process proceeds spontaneously and irreversibly 15, 39, 40) . The present results support the proposition that ion diffusion from OCP is a critical factor influencing the activity of the osteoblastic cells in contact with or adjacent to the crystals 6) . Calcium uptake by OCP incubation was simulated by the inclusion of EGTA in the medium in the absence of OCP crystals. The preliminary study confirmed that the concentration of calcium, as analytically detected free ions, was reduced depending on the EGTA concentration in the medium. Incubation of ST-2 cells in EGTA-containing medium increased ALP activity. ALP activity levels were higher in a treatment series of media containing Pi ions increasing up to 7.5 mM (Fig. 2) . In ST-2 cell culture, the calcium concentration decreased while the Pi concentration increased, if OCP crystals were present. The concentration of these ions was maintained in the absence of the OCP crystals (Fig.  1) . Since the increase of ALP activity was confirmed if ST-2 cells were incubated with OCP (Fig. 6c) , the present results demonstrate that reducing calcium concentration caused by the tendency of OCP conversion to HA is involved in stimulating osteoblastic differentiation.
It is critical to determine whether cellular activity is modulated by direct contact of cells to the surface of materials, as a previous report indicated that the surface nanostructure affects cellular responses 34) . Our previous studies verified that OCP has positive effects on osteoblast differentiation in mouse calvaria primary cells and ST-2 cells 13) , osteoclast formation in mouse bone marrow derived cells via osteoblastic cells 41) , and odontoblast differentiation from rat primary dental pulp cells 42) , if cells were directly incubated on OCP crystals coated on culture plates. However, these effects were reproducible when the cells were cultured on a non-OCP-coated surface in an OCP-half coated plate, suggesting that ionic soluble products from OCP modulate the cellular response 41, 42) . In contrast, a study using a similar OCP coating technique and chondrogenic ATDC5 cells showed that cellular activity (inhibition of chondrogenic differentiation) occurred only if cells were in direct contact with the OCP-coated surface 43) . These results indicate that the effects of OCP are celltype specific. The present study therefore proposes that dissolution of ionic products from OCP has a critical role in stimulating the osteoblastic differentiation of ST-2.
The effect of calcium and Pi ions has been extensively examined in the analysis of cellular activity in biomineralization and in testing the biocompatibility of ceramic biomaterials. The mineralization process to form HA on bioactive glass ceramic materials, via calcium and phosphate ions, is speculated to promote bone regeneration 44) . Small deviations of extracellular calcium concentrations from physiological values greatly affect osteoblast differentiation in rat calvaria primary osteoblasts and murine osteoblast 2T3 cells 45) . This study reported that ALP activity was highest between 1.2 and 1.8 mM calcium concentrations, while osteoblast differentiation markers such as collagen I increased with calcium concentrations. Another study using osteoblastic MC3T3-E1 cells showed that 5 mM calcium concentration stimulated the c-fos pathway 46) . c-fos is expressed in downstream of signal transduction pathways 46) . Bioactive glass ceramic releases calcium ions and promotes the differentiation of osteoblastic ROS17/2.8 cells in vitro 17) . The present results, however, indicate that reducing the calcium concentration below physiological conditions, induced by EGTA or OCP, raised the ALP activity of ST-2 cells. Notably, it was previously reported in medium lacking calcium ions, mouse primary osteoblasts expressed ALP higher than in medium with normal concentrations (1.2 mM) or higher (1.2 mM to 8 mM) 47) . The present study did not provide complete explanation for the adverse effects of the calcium concentration on ST-2 cells. However, the tendency to reduce calcium concentration by OCP surely reflects the in vivo observation that host osteoblastic cells are stimulated by OCP if implanted in bone defects as reported previously 13, 48, 49) . Pi ions have been found to play multiple roles in maintaining osteoblast-like cells 18) . Elevation of Pi induces osteoblast-like cell death through apoptosis 50) . In contrast, physiological concentrations of Pi are required to induce bone mineralization, together with expression of type I collagen and tissue non-specific ALP 51) . The present results showed that the calcium and Pi ion concentrations, similar to those induced by OCP, which were attained by addition of both EGTA and Pi in the absence of OCP, increased the ALP activity of ST-2 cells at 7 days (Fig. 2) . The corresponding Pi concentration induced by OCP (approximately 4.7 mM) was approximately four times higher than that of the original medium (approximately 1.2 mM). The increase of calcium and Pi concentration under a constant pH raises the degree of supersaturation, a driving force of the nucleation and growth of calcium phosphate crystals in the media 16, 52, 53) . However, this media did not induce the formation of calcium phosphate through Pi concentrations up to 7.5 mM (data not shown), suggesting that reducing calcium concentration by EGTA or OCP does not excessively raise the degree of supersaturation in the media, and the environment was not affected to induce activation of ST-2 cells. One of the mechanisms underlying the stimulatory capacity of OCP may be from changes of the ion concentrations caused by conversion from OCP to HA as proposed previously 13, 14, 16, 19) . Another finding of the present study was that the differentiation of ST-2 by OCP was further enhanced if the canonical MAPK inhibitor (ERK1/2 phosphorylation) PD98059 was included in the culture medium. ALP activity, osterix and OCN mRNA expression in ST-2 cells increased significantly with PD98059 treatment (Figs. 3 and 4) . The enhancement by PD98059 was markedly inhibited if SB203580, a p38 MAPK inhibitor, was co-treated, but slightly inhibited with Wortmannin, a PI3K inhibitor. Furthermore, p38 was phosphorylated in ST-2 cells incubated with OCP (Fig. 8) . These results indicate that the differentiation induced by OCP occurs via the p38 signaling pathway. A previous report showed that mRNA expression of ALP was induced with PD98059 in murine bone marrow derived MC3T3-E1 cells 23) , which is consistent with the present results. On the other hand, PD98059 treatment inhibited the ALP activity of human mesenchymal stem cells incubated in osteogenic medium containing dexamethasone, glycerophosphate and ascorbic acid 22) , suggesting that the p38 signaling pathway is regulated by active molecules present in the medium. HA and β-TCP ceramics were shown to activate p38, but not ERK1/2, if the ceramics were assembled three-dimensionally in a porous form; two-dimensional discs did not augment p38 signaling 54) . Since the present study did not use a three-dimensional OCP construct, the results obtained may likely be due to the inorganic ion diffusion from OCP.
The osteoblast differentiation-inducing pathways involve canonical MAPK, p38 MAPK, PI3K and Wnt signals 24) . Previous studies reported that BMP-2 is involved in activating p38 in ST-2 cells accompanied by osteoblastic differentiation with increasing ALP activity and osteocalcin mRNA 25) . Another study showed that the enhanced ALP activity by BMP-9 is inhibited with SB203580 in a dose-dependent manner in murine mesenchymal progenitor in C3H10 1/2 cells 26) . The signaling pathway stimulated by OCP in the present study, most likely caused by calcium diffusion into the crystals and Pi release from the crystals during the dissolution and conversion of OCP into HA, may follow a similar mechanism as BMPs. A clarification of the precise mechanism by which OCP enhances osteoblast differentiation is under way, with the aim of establishing a link between the molecular action of the growth factors, including BMPs and other osteogenic factors, and cellular activation.
The present study showed that OCP stimulates osteoblast differentiation of murine bone marrow derived stromal cell line ST-2 cells through p38 signal transduction. Osteoblast differentiation of ST-2 was not suppressed by canonical MAPK. The results confirmed that that OCP caused calcium uptake, most likely through the OCP-HA conversion, as observed in previous studies, even in the presence of the cells. The reduction of calcium concentration in the medium by OCP induced osteoblast differentiation. PD98059 treatment of ST-2 cells caused enhancement of osteoblast differentiation marker expressions.
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